ABSTRACT: The goal of this work was the development of other experimental techniques to measure residual stresses, as an alternative to the hole-drilling method with strain gauges. The proposed experimental techniques are based on the use of Moiré interferometry and in-plane electronic speckle pattern interferometry (ESPI). Both are field techniques allowing the assessment of in-plane displacements without contact and high resolution. Grating replication techniques were developed to record high-quality diffraction gratings onto the specimen's surfaces. An optical set-up of laser interferometry was developed to generate the master grating (virtual). An in-plane ESPI setup was also designed and implemented to measure displacements in one direction. The stress relaxation was promoted by the blind hole-drilling and the obtained fringe patterns (Moiré and speckle) were video-recorded. Image processing techniques were applied to assess the in-plane strain field. A finite-element code (ANSYSÒ) was used to simulate the stress relaxation process, whose values were compared with the experimental data, and to calculate the hole-drilling calibration constants.
Introduction
Residual stresses are the ones that remain on components and structures after the load has been removed. These may result from fabrication processes such as welding and machining, or due to overload localised yielding. Usually these stresses are undesirables because they added to service stresses reducing the structures maximum load. However, when variable loads are expected compression surface residual stresses are sometimes applied to improve fatigue resistance. This way the residual stress assessment assumes a very important role in mechanical design.
The frequently used technique for residual stress measurement is the hole-drilling method with strain gauges. In this case, three discrete measurements were used to obtain the stress released during the hole drilling. Special rosettes and drilling devices are used for this propose according to the ASTM standard [1] . This standard describes the methodology and the limits of the measurements according to the expected in-depth stress distribution. Other techniques are also available based on the measurements of deformations at the crystallographic and macroscopic levels.
Nowadays, image techniques have experienced a great improvement in what concerns experimental mechanics applications. Displacement fields can be assessed by non-contact techniques with high resolution by using ordinary white light or laser illumination. Image correlation [2] , geometric and interferometric Moiré [3] , speckle or holographic interferometry [4] are available with resolutions up to the laser wave length.
In this work, a new process to measure residual stresses with optical techniques (in-plane ESPI and Moiré interferometry) was developed and combined with the hole-drilling method. Measurements were carried out on a ring and plug specimen, constructed to produce well-known residual stress fields. The calibration coefficients were obtained by numerical simulation with a finite-element method (FEM) code generated in the ANSYSÒ programme.
An image processing software package was developed at Laboratory of Optics and Experimental Mechanics (LOME) to calculate the displacement field from the interferometric patterns. Moiré interferometry technique was used in the second test after replication of a grating with 1200 L mm )1 on the specimen surface. A set-up to measure the in-plane displacement field in two directions was prepared and used.
Residual Stress Measurement Set-ups
In this work, two optical set-ups were prepared, one for Moiré interferometry [5] and the other for doubleillumination ESPI [6] . Both were used to measure the in-plane displacements generated by residual stress release. Image processing algorithms, involving filtering, phase calculation and unwrapping, and spatial differentiation were used in data postprocessing to transform surface displacement into residual stress fields. In Figure 1 a schematic presentation of the two optical set-ups used can be seen. The stresses were released according to the conventional procedure used with strain gauges. Drilling a hole on the surface of a specimen with residual stresses produces a stress relaxation around it. The corresponding deformation was assessed in this work with an optical technique. The stress analysis algorithms are based on the work of Nelson [8, 9] and Wu [10] , adapted to work with ESPI and Moiré interferometry data.
The light source used in both set-ups was a 2-W laser from Coherent (Verdi). For image acquisition, a CCD Sony XC-8500CE camera with 782 · 582 pixel of resolution was selected. A computer-controlled PI piezoelectric actuator was used to perform the phase modulation needed to calculate the phase maps using the algorithm described by Creath [11] . Finally, a dedicated support was constructed with a 10-lm resolution Microcontrol linear stage to allow depth control drilling. With this support, the air turbine used as drill could be removed and replaced with minor chances in its alignment.
In the ESPI measurement, an initial specklegram is acquired and saved. Then, the drill is placed in front of the test specimen and a small hole is drilled to a given depth. Next, the drill is removed and another specklegram is acquired. The interferogram resulting from the correlation of the two recordings leads to the surface displacements caused by the stress relaxation. In this case, the surface information is codified in the speckle patterns.
For the Moiré interferometry, a high-frequency grating is previously bonded on the surface of the specimen. The grating used was of 1200 lines per millimetre, obtained by aluminium vaporisation on top of an epoxy replication of a master grating from photomechanics. The followed replication process is described by Wu [12] . The set-up proposed by Post [13] was used in the virtual grating generation by laser interferometry. The first recording was obtained by superposition of the virtual grating over the object replication grating. Then, a hole is drilled at the desired place, and the Moiré fringes due to stress relaxation are obtained and recorded. A tiltable parallel plate glass was used to promote phase modulation with a four image phase calculation algorithm [11] .
In both cases, the residual stress field was computed establishing an appropriate stress-displacement relationship by a FEM code. According to Nelson [8] , the displacements due to residual stress relaxation are related between themselves through the following equations, (A) in plane ESPI [6] ; (B) Moiré interferometry [7] . LA is the laser source, BS is a beam splitter, M1 and M2 are plane mirrors, PZT is a piezoelectric phase modulation device, L is a lens, TS is the test specimen, Ms is a mask, CB is the collimated beam and PM is a parabolic mirror
where u k r and u k h are, respectively, the radial and tangential displacements; k the number of measured points; A, B and C the calculated coefficients depending on the material elastic constants, the hole dimensions (diameter and depth) and the radial position around the blind hole; h k is the cylindrical coordinate of the measurement point and r xx , r yy and s xy are stress components in Cartesians coordinates. When optical techniques are used, the number of measured points can be selected from the information contained in the recorded image, this way the residual stresses can be obtained from the hole edge until the image border.
The A, B and C coefficients can be obtained by different ways: experimental, analytical and numerical determination. The experimental methods are the most accurate ones; however, they are time consuming when compared with analytical and numerical methods, more expensive because they only can be used for a certain hole geometry and strain gauge rosette. The analytical methods are based in many simplifications that, in certain cases, do not represent the reality and can only be used for the case of uniform residual stresses. The numerical methods are more generic; they can simulate any field of residual stresses; it is possible to determine coefficients for different hole-drilling techniques: incremental strain method, power series method, integral method, average stress method, ASTM E837 method. In this work, the calibration coefficients were numerically calculated.
Numerical Determination of Calibration Coefficients
The main goal in this simulation was to establish a model that could be used in the determination of the calibration coefficients for different hole-drilling techniques with good accuracy. Thus, a threedimensional finite-element model was used for the numerical determination of the calibration coefficients following the procedure presented by Lu [14] and Schajer [15] , using brick, homogeneous and isotropic elements in the ANSYSÒ FEM code. A threedimensional finite-element mesh, with 5525 parametric brick elements (SOLID185) was used, as represented in Figure 2 [7] .
To test the described experimental methodology, a calibration specimen was made in aluminium alloy (1050). This alloy (with 90% of Al) was chosen because it is readily available and well characterised. The material properties and geometric parameters used in this numerical simulation are shown in Table 1 .
Two different residual stresses states were considered:
(a) Equi-biaxial: r xx ¼ r yy ¼ r, s xy ¼ 0, the corresponding stresses in cylindrical coordinates are r rr ¼ r hh ¼ r, s rh ¼ 0. This drilling condition is equivalent to a uniform pressure on the surface of hole and it is represented on the left-hand side of Figure 3A .
(b) Pure shear: r xx ¼ )r yy , s xy ¼ 0, the corresponding stresses in cylindrical coordinates are r rr ¼ r cos 2h, r hh ¼ )r cos 2h, s rh ¼ )r sin 2h. After the hole drilling, this stress distribution change to an harmonic distribution of radial stresses; being r rr ¼ )r cos 2h and a shear stress s rh ¼ r sin 2h, both acting on the hole edge, as can be seen on the right-hand side of Figure 3B . The signals of the stresses change due to stress release after the hole drilling.
The calibration coefficients were computed with the expressions presented by Wu [10] , which, for the case in the analysis lead to: 
The calibration coefficients are dimensionless and were computed for a hole with 2 mm in diameter and 0.5 mm depth, at a radial distance of 1.2r 0 from the centre of the hole. Table 2 summarises the values of calibration coefficients that were obtained. The process was repeated for different diameters: 1.8, 2, and 2.2 mm.
Ring and Plug Specimen
To obtain well-known residual stress fields, an aluminium shrink-fit ring and plug was chosen. This specimen has a closed form solution for the residual stresses, and relatively simple stress distribution. In the plug the stress is constant, and in the ring depends only on the radial position. On the other hand, this type of specimen provides the full range of biaxial stress states: in the ring near the interface, r h is positive and r r is negative, near the outer edge the stress state is nearly uniaxial, (as r r tends to zero), in the plug, the stress state is equi-biaxial, r h ¼ r r . On the other hand, the residual stresses in the specimen are uniform in depth; thus, it is possible to use the ASTM standard [1] . Therefore, with only a specimen it is possible to demonstrate the ability of the optical technique on three different residual stress conditions [16] , and several measurements could be performed.
The nominal dimensions of the specimen used were 100 and 50 mm for the exterior and interior diameter of the ring respectively. The thickness of both elements was 13 mm and they were assembled with a radial interference of 0.05 mm.
To control the assemblage conditions, two strain gauges were bonded at the same radial distance (30 mm) but oriented in two orthogonal directions (tangential and radial). For assembly, the plug was cooled in liquid nitrogen ()160°C) and the ring heated (40°C) which leaves approximately 0.2 mm of clearance between them. Figure 4 represents the apparatus used in the assembly control.
The stress distribution of the ring and plug can easily be calculated using Lamé equations [17] . First, the pressure p applied due to the interference is obtained by:
where p is taken as positive and d the radial interference between the ring and the plug. In the plug, the stresses are equal to the pressure in the radial and angular directions. For the ring, the stresses in the same directions are calculated as: 3.82 · 10
Figure 4: Apparatus used to make the assembly
In the studied case, the pressure due to the radial interference 0.05 mm was 47.3 MPa. With this load, the measurements performed with the strain gauges allow the calculation of the average stresses r r and r h , on the strain gauges grid, these values are represented in Table 3 . These values are similar to the ones obtained with the closed form solution for the centre of strain gauges grids.
Measurement of Residual Stresses
After the specimen preparation and its stress state control, several measurements of residual stresses were made using optical techniques and the holedrilling method. The selected points for the residual stress measurements are represented in Figure 5 .
To avoid the material influence, the measurements were performed in different angular positions. However, with Moiré interferometry the grating was fixed only on a small part of the specimen and so, only two points were measured. The optical set-up used to measure residual stresses with in-plane ESPI and Moiré interferometry are schematically represented in Figure 1A ,B respectively. Figure 6 shows details of both set-ups with the additional system for the hole drilling.
To guarantee hole concentricity and perpendicularity between the drilling apparatus and the measured surface, a conic fixation system was fabricated with a very tight geometrical tolerance. Before the measurements were performed, some tests were carried out to verify hole geometry. After drilling, the holes were measured with an optical microscope in its main dimensions: depth and diameter.
Results
To obtain the displacement field, eight images should be recorded in both techniques, at different phase shifts, half of them before and the remaining after hole drilling. In ESPI, the displacement field is calculated by subtracting the speckle phase maps obtained before and after strain relaxation. One of these measurements, obtained after the hole had been drilled, is presented in Figure 7A ,B. The Figure 7A are due to phase calculation and can be removed by phase unwrapping. Different solutions are available for this proposes according to the data spatial noise. The results presentation could be improved using a pseudo colour presentation where the displacement intensity is codified according to a colour table.
Using the unwrapped phase map corresponding to the displacement field and the calibration coefficients, the residual stresses can be computed using the data obtained for three different points at the same radial distance from the hole centre. The results presented in this work were obtained using three points placed according to Figure 8 . Figure 9 summarises the results obtained for residual stress measurements. In this graphical presentation, the lines represent the stresses calculated by the closed form solutions given by Lamé. The experimental data are represented by dots. In all the cases, the error was less than 15%, most of the measurements were around 5% of error.
For the Moiré interferometry set-up, only the phase modulation device differs from the previous one. In this case, the 90°phase shift between each image was performed by the rotation of a glass plate with parallel faces, instead of using a linear displaceable mirror. It should be mentioned that noisy recordings may be obtained if the grid is not properly bonded or has poor quality. Low contrast or poor reflectivity is the most important problem with grid replication, meanwhile a constant glue thickness should be achieved. To obtain the phase maps, filtering and smoothing algorithms should be involved to deal with noisy data. In Figure 10A ,B, an example of the phase map around the hole and the computed displacement field after image processing (unwrapping) is presented.
The procedure to compute the residual stresses using the unwrapped phase map of displacement field was the same described for ESPI technique. The results obtained after two measurements in the specimen with Moiré interferometry are presented in Figure 11 . In this case, only two measurements were made due to the size of the grid used and the necessary distance between holes to avoid influence between them. In all the measurements an error less than 17% was obtained.
All the holes were drilled in four incremental steps according to the ASTM standard. The final geometry of the holes was verified with a microscope tube with a scaled reticule, they were circulars and the diameters were between 2 and 2.1 mm. Some holes were randomly chosen to cut and verify its sectional geometry, the hole bottom was flat and there was a perpendicularity between the bottom and wall directions of the hole.
Conclusions
In this work, an experimental methodology for residual stress assessment is presented using optical techniques with the hole-drilling method. These methods were tested with a well-known residual (1) and the calibration coefficients were computed with equations (2) stress field in a ring and plug specimen. The experimental results obtained with in-plane ESPI and Moiré interferometry are in good agreement with the closed form solution. These optical techniques are a very interesting alternative to the traditional hole-drilling method with strain gauges, and present some advantages, it is a global measurement, has better resolution and allows measurements closer to the hole edge. Image processing algorithms are available to convert the displacement data obtained to values of residual stresses through a series of calibration coefficients obtained by FEM simulation. 
